
PCX '^■"^■^■-'^siMyss™'^'"™" '-f-^ 

WreRNATlONAl. APPUCATION ^- -^^^ r^. PATENT COOPERATION TOEATV (PCI) 



(51) InternaU nal Patent Classlficatlm ^ : 
C07F 9/30, 9/48, A61K 51A)4, 49/00 



Al 



(11) intematloiial PubllcatI n Number: WO 99/02538 

(43) International PubUcati n Date: 21 Januanrl999 (21.01.99) 



(21) Intematlonal Application Number: PCr/CA98/00665 

(22) International FUing Date: 9 July 1998 (09.07.98) 



(30) Priority Data: 
2.210,060 



10 July 1997 (10.07.97) 



CA 



Designated States: AL. AM. AT. AU. AZ. BA. BB. BG, BR, 
(81) "es*""^ ^ cu, CZ. DE. DK. EE. ES. FI. GB. GE. 
GH GM m HU. ID. IL IS. JP. KE. KG. KP. KR. KZ. 
S'S^'lTlS LT Lu. LV. MD. MG. MK. MN. MW. 

^ NZ pL. Fi-. r6. ru. sd. se. sg. si. SK. SL. 
TO. It. UA. UG. US. uz. vn. yu. zw. aripo 

oatenUGH. GM KE. LS. MW. SD. SZ. UG. ZW). Eurasian 
E(AM. AZ BY KG. KZ. MD.RU. TJ.TM). Ejmjpe^ 
S (AT BE^ CH CY. DE. DK. ES. H. PR GB GR. 
rP rr LU MC NL. PT. SE). OAPI patent (BF. BJ. CP. 
a. rn^A. GN. GW. ^ MR. NE. SN. TO. TG). 



Published 

With international search report. 



A»»ii^nt rfnr all designated States except US): THE UNI- 
^'"^P^^VtY OF BwflSH COLUMBIA [CA/CAl: Industry 
Liaison Office. Room 331. 2194 HealA Sciences Mall. Van- 
couver, British Columbia V6T 1Z3 (CA). 

gS £;;SSAwlicants (for US only): ORVIG. Chris [CA/CAj; 

(75) Pfmh Avenue. Vancouver. British Columbia V6R 

5K8 rCA) LOWE, Mark. P. [GB/GB]; 9 Lodge Street, 
SL^ortt. PoSact. wUt Yorkshire WF9 4AG (GB) 

f74^ Auent: OYEN. Gerald. O.. S.; Oyen Wiggs Green & Mutala, 
(74) Agent^^"_ Vancouver, Bntish 

Columbia V6B IGl (CA). 



"(54)Tiae: NOVEL CHELATING LIGANDS HAVING A TOIPODAL BACKBONE 

^niention rebues to novel chelating ligands wh^h i^n-o^- SP^^^.^^^^'- Sy'^^^ 
novel "podal Ugands which fomi coordination compounds "Jf^J^^Xamii^r^^^^ ttipodal ligand, a chelating Ugand and 
tons and lanthanide metal ions, which are useful in i»uclear medicine. A novel amme pnosp j and the rare earths. THe process 
Tp^^sTrefor involving a metal ion and pajticu^^ a «valent me^ '^-i ^ ^d"^? one of the rare earths. Sc. Y. La. Ce. Pr, Nd. 
^fer^ S^lS tSi^I^^h'ihinate tripodal Ugand. 



4SD0CID: <WO_9902538A1_L> 



AL 
AM 
AT 
AU 

AZ 

BA 

BB 

BE 

BF 

BG 

BJ 

BR 

BY 

CA 

CF 

CG 

CH 

CI 

CM 

CN 

cu 
cz 

DE 
DK 



FOR THE PURPOSES 
Codes used to identify States party to the PCT on the front 



OF INFORMATION ONLY 

of pamphlets publishing uitemational applications under the PCT. 



Albania 

Armenia 

Austria 

Australia 

Azerbaijan 

Bosnia and Heizegovlna 

Baibados 

Belgium 

Burkina Faso 

Bulgaria 

Benin 

Brazil 

Belarus 

Canada 

Central African Republic 

Congo 

Switzerland 

Cdte d'lvoiie 

Cameroon 

China 

Cuba 

Czech Republic 
Germany 
Denmark 
Estonia 



BS Spain 

FI fHnland 

FR France 

GA Gabon 

GB United Kingdom 

GB Georgia 

GH Ghana 

GN Guinea 

GR Greece 

HU Hungary 

IE Ireland 

IL Israel 

IS Iceland 

rr Baly 

jp JqMD 

KE Kenya 

KG Kyrgyzatan 

m> Democratic Fettle's 

RqmbUc of Korea 

KR Rqjublic of Korea 

KZ Kazakstan 

IX: Sahit Lucia 

LI Liechtenstein 

UC Sri Lanka 

Ui Liberia 



LS 
LT 
LU 
LV 
'MC 
MD 
MG 
MK 



Lesodio 



Luxembourg 

Latvia 

Monaco 

Republic of Moldova 

Madagascar 

The former Yugoslav 

Republic of Macedonia 



ML 


Mali 


MN 


Mongolia 


MR 


Mauritania 


MW 


Malawi 


MX 


Mexico 


NB 


Niger 


NL 


Netherlands 


NO 


Norway 


NZ 


New Zealand 


PL 


Poland 


FT 


Pottugal 


RO 


Romania 


RU 


Russian Fedetation 


SD 


Sudan 


SB 


Sweden 


SG 


Singi^oie 



SI 


Slovenia 


SK 


Slovakia 


SN 


Senegal 


SZ 


Swaziland 


TD 


Chad 


TG 


Togo 


TJ 


Tajikistan 


TM 


Turkmenistan 


TR 


Turkey 


TT 


Trinidad and Tobago 


UA 


Ukraine 


UG 


Uganda 


US 


United States of America 


HZ 




VN 


Viet Nam 


YU 


Yugoslavia 


zw 


Smbabwe 



4SDOCID: <WO_©90253aA1J_> 



PCT/CA98/00665 

WO 99/02538 

NOWT. CHEI ATTNO T.TGANPS 
WAVTNa A TRP >^^AT. WArKBONE 

]FjpT p r>T? jms TNVKNTION 

5 

The invention relates to novel chelating ligands which incorporate a 
tripodal backbone. More particularly, the invention pertains to novel tripodal ligands 
which form coordination compounds with a variety of metal ions, particularly, but not 
exclusively, trivalent metal ions of the group 13 metals and lanthanide metal ions, 
10 which are useful in nuclear medicine. 

PAPgORmiND o p IWr INVENTION 

In recent years, vigorous research activity has been conducted to 
15 identify and synthesize suitable chelating agents for metal ions and particularly 
trivalek metal ions such as the group 13 metals and the lanthanides. for use m 
nuclear medicine. This is because of the deleterious effects of these metals (e.g. 
concern over aluminum neurotoxicity) and their burgeoning use invivo as diagnostic 
probes. For example, gallium and indium radionuclides are used in radiopharma- 
20 ceuticals. Further, the physical properties of the lanthanides are exploited as 
lummescent. EPR. and NMR shift probes. They also have widespread application 
as magnetic resonance imaging contrast agents. Similarities m oxophilicity (e.g. 
Al(m). Ln(in) and ionic radii (e.g. In(IID. UiOH) do not necessarily result m a 
complementary chemistry for the respective group 13 and lanthanide ions. 



25 



STTMMARY O ^ -TWP TNVRNTION 



The invention relates to novel compositions of matter, a process for 
preparing these novel compositions of matter, a new series of chelating ligands, and 
30 a series of tiieir metal complexes, which have use in diagnostic and therapeuuc 
nuclear medicine. 
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• ' ' „ .cH CH,OH, other dkyl, substituted alicyi. or 
or benzyl; imd when X is N. R, .s CH„ CH^oh 

. V > TH r H CH. or other alkyl, Rj 's CA- ^Hj. 

thereof. 

The invemion is ..so direct^l to a process of preparing an amh. 
phosphinatetripodalligand of the formula: 



15 



x(cH2CHi-N-CHr^H 



20 



. V N CH CH, CH, or other allcyU, is H.CH,.CA or other alkyl 
„here,nX.N,CH,C,H,CA. ^^^alky^^ 
or benzyl; and «henXBN.R.«CH„CH,OH, ' 

V • rH r H C H< or other alkyl, Ri is Cfli, CHj, CHjOH, omer 

thereof, which comprises (a) reacting aii appropriate tnpooa 



25 



a) N(cH:CHrN-H] 



or 



(II) Rj-c 



.(CH2)„-N-H 



30 
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Wherein n is 1 or 2, R, is H. CH3. C^H,, or other alkyl or benzyl; and R3 is H, CH3. 
CjHs. or other alkyl; with HjPCRa)©^ and CH^O or (CH^O)™, wherein R, is H, C^,. 
CH3, other alkyl, substituted alkyl. or aryl. excepting R, is C^s for compound (I), 
and m is 2 or greater; or (b) converting the R^ group of one amine phosphinate 
5 tripodal ligand to another group by using formaldehyde or paraformaldehyde. 

The invention is also directed to a process of preparing an amine 
phosphinate tripodal ligand of the formula: 

10 NfcHjCHj-N-CHj-POjH 



15 



or 



R. 

R3-C 

R2 3 



- ^ -1 
(CH2VN-CHJ-PO2H I 



wherein n is 1 or 2, R, is H, CH3. QHs or other alkyl or benzyl; and R, is H, CH3. 
QHs. or other alkyl; and R^ is CHjOH. and physiologically compatible salts and 
derivatives thereof, which comprises converting an amine phosphinate tripodal ligand 
20 wherein R^ is H to an amine phosphinate tripodal ligand wherein R. is CH^OH by 
reacting with formaldehyde or paraformaldehyde. 

The invention is also directed to a process of chelating a metal ion with 
an aminephosphinate tripodal ligand acco^ding to the invention. The invention is also 
25 directed to a process of chelating a trivalent metal ion such as Technetium (TO or 
Rhenium (Re) or a trivalem metal ion of the group 13 metals and flie rare earths 
which comprise complexing any one of the group 13 metals, Al, Ga and In. and any 
one of the rare earths or lanthanides, Sc, Y, La, Ce. Pr. Nd. Pm, Sm, Eu. C5d. Tb. 
Dy, Ho, Er. Tm, Yb and Lu, with the amine phosphinate tripodal ligand, according 
30 to the invention. 
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,0 the isotopes Sin 153, Ho 166. Y 90. rm 1 

^ for imaging applic«ions iBcUtding b». ». limited .o In lU. 

The invention is also direc.«l » a chelate compri«ng . comptexof. 
^ . a ttivalen. metal ion as Tc o. . o. . --^^^^^^ 

-:^:i::;:r--e.can.ag™..^^^^^ 

^ frnm the eroup consisting of Al, Oa ana m ur ui 

, meul can be selected *™" *° ^1 . „ ^ can be selected 

can be a rare earth complex. includmgSc and Y.Mrifte 

<-t. r.. Pr Nd Pm. Sm.Eu.Gd,Tb,Dy. HO. 
ftomte group consisra«of La. Ce. Pr. Ml. rm. 

Yb andUi. 



20 




tadra^ings^bichinustratespecificembcdimentsotthe invention, but 
^.chshouidrtriedasres^-.-O'-"---"'"- 



way: 



25 



Figare 1 depicts ORTEP representation of the cation it. 
group is shown for clarity. 
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Figure 2 depicts an ORTEP representation of the cation in 
[Lu(H3ppma) J(N03), • SH^O (25% probability thermal ellipsoids). View approximate- 
ly down the threefold axis. 

5 Figures 3(a) and 3(b) represent experimental lanthanide titration curves 

at 2 mM H^tams : 2 mM Ln(ra) (top) and 2 mM H^taps : 2 mM Ln(IID (bottom).a 
= moles of NaOH/moles of ligand. 

Figures 4(a) and 4(b) represent experimental plots of n (the ratio of 
10 bound ligand to total metal ion concentration) vs. log [tams^] (top) and n vs. log 
[taps^] (bottom); the solid lines were generated using the calculated stability 
constants, Ku,(ams) a^^d Klb(up5). 

Figure 5 iUustrates (121.0 MHz) NMR spectrum for the stability 
15 constant study of the YbaiD/HaPpma system. R = [WlMh = 3-8- 

Figure 6 illustrates a plot of ft vs. [Happma] for the YbaiD (O) and 
LuOn) (□) systems (solid lines indicate fits, symbols indicate experimental data). 
The calculated curves for the group 13 metal ions- are included for comparison. 

20 - 
Figure 7 illustrates 'H NMR spectrum (300.0 MHz) of 

[Tm(H3Ppma)J(N03)3 in CD3OD (6 corrected for Ax the shift due to the bulk 
magnetic susceptibiUty). * = solvent. 

Figures 8(a) and 8(b) depict a plot of A/C° vs. <S2>/C'> for tiie >H 
NMR spectra (top: • = hydrogen Hp. ■ = H^. and A = H„) and for the 3>P NMR 
spectra (bottom) of [Ln(H3Ppma)2l'-^ where Ln = Sm - Lu. 

Figure 9 depicts a plot of Dy.I.S. vs. [DyGH)] (niM) for Dy^^^\ A, 
30 [Dy(TAMS)l-. . [Dy(TAPS)l'-. and [Dy(H3TRNS)J-. O. Error bars represent 
linewidths at half height. 



25 
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Hj-pma (or H,trm-) equiUtaia viewed in terms of liydrophobic ii«erattiods. 

Figure 11 depicts comparattve pM values vs. Z for Hjtms^ ((Lii(ni)l„ 
5 =lnJvl),H^,([U(m)„=lMM).^.«aps^(Wni)3„ = lmM).*.<»-^ 
((Ln(ni)))„= ItuM).-*. 

Figure 12 iUustrates the graphical formulae for Hjppma. H^tms. 

andHctaps. 



10 



15 



20 



25 



30 



Rgure 13 iUustrates a graphical scheme for complexing bicapped. 
monocapped, and encapsulated configurations. 

pCTft n Bn nRSCT rri^H TP" 'NVRNTION 

AnNAtripodaltren-based(aminomethylene)phosphinatoligandtris(4^ 
,phenylphosphinato).«-3-azab«tyl)amh« (H,ppma) has been synthesized. »d 
its complication properties wim the group 13 metals Al, Ga, a^l In have b«« 
investigated. The molecular structure of the indium complex 
ll„(H3Ppma)J(N0,), • 3H.0 (C^«.IoN„0„P^ has been solv«l by ^-^ r^' 
fl« complex crystaltaes in the trigonal space g«.up JHc. with a = 18.984(3) A. c = 
36 256(5) A. and Z = 6. -n* stmcture was solved by Patterson methods and ^ 
^ by M-matrix least-squares pro«dures «, R = 0.040 (R. = 0.039) for 1415 
^flections with , > 3a(D. The stru««re of the bU^omplex showed the ligand « 
coordtaate in a tridentate mam.er through the three phosphinate oxygens, resulong m 
, bic.pp«l octahedral structure of exact S. symmetry. The solved stiucmre was of 
RKRSSS diastereomer. where half of the molecule contamed phosphorus atoms 
of R chiraUty and the other half contained phosphors atoms of S chirality . The 
highly symmetric enviromnent about the metal atoms produces a low eteca»: field 
gradient a, the metal nucleus leading to unusuaUy narrow line widths to the At 
"Ga and '"In NMR spectra. The almntaum complex [Al(Hjpna)J(NO,),-2H.O 



4SD0CID: <WO_9902538A1J.> 



wo 99/02538 



-7 - 



PCT/CA9S/00665 



exhibited an extremely rare example of aluminum-phosphorus coupling ion both the 
"P and "Al NMR spectra, where ^J^ip was shown from both spectra to be 6.7 Hz. 
The narrow line widths made the complexes amenable to stabUity constant smdies via 
a combination of "Al, '»Ga. and »'P NMR spectroscopies (25«C). The formation 
5 constants for In'- (log 0, ^ 5.4), Ga'* (log = 4.24). and AP- (log 0. = 0.93, 
log ^2 = 3.45) decrease by an order of magnitode as the group is ascended, 
consistent with increasing steric interactions of the phenyl groups as the two 
trisphosphinate ligands are crowded together in order to coordinate the smaller metal 
ions. Variable temperature "Al and NMR spectroscopic studies indicated the 
10 RRRSSS diastereomer to be rigid up to 55 °C in CDjOD. 

The results of this work were published in J. Am. Chein. Soc. 1996. 
118. 10446-10456. under the titie "Highly Symmetric Group 13 Metal-Phosphinato 
Complexes: Multinuclear NMR C'Al. "P,"Ga) Determination of Stability Constants 
15 at Low pH" , Mark P. Lowe. Steven J. Rettig, and Chris Orvig. The full disclosure 
in this article is incorporated in the specification herein by reference. 

General Synthesis Procedure. The appropriate tripodal amine 
(derivatives of tren and tame specifically) are reacted with a suitable phosphinic acid 
20 and formaldehyde under Moedritzer-Irani synthesis (Moedritzer. K. . Irani. R.R. . J. 
Org. Chem. 1966, 31, 1603) conditions as shown below for Hjpma and Hjppma. The 
P-H derivatives such as Hjpma can then be used to make further derivatives as is 
shown below for Hshpma. ^ 



25 



O 

30 



i J o^-R R=CHjOH Hahpma 
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Tris(4-phospmnaio->nif5uiyi-j-< 
.,uuo„of»is(3-me«.y.«.)an*.(0.50g.2.66nuno^^ 

i ril-o«'-H:O(7«a,)washea«d«.40.C.™s,»inewas^s^2 
LLonofLv.U.«hy.ch.orofo™^foUowed.,a.r.du«ion 

thereacnono tti-N-methylated amine; 

carbamate with lithium dummum hydnde to g.ve m 

Schmidt.H..I-U^.C..Xi,SX,Ve*»>e.J.G.Z.^^.-4«..a^^ 

75. Parafonnaldehyde (0.32 . 10.67 mmo.) was siowly added over 1 ^ 
0 reaction was heated fo, a further 4 hounatK. then d» solvent removed to y.1^^^ 

° :lsca. ^oi.wa.t.enup.H,OaOm«..oadedcntoan,mon«c^. 
„,nm„ mA «2) and eiuted with water to remove any «^ H,^ 

w . . fflOCH PH(0)OH). On removal of the solvent, a colorless o.l was 

obtained of H,pma.2HC1.4Hp. Yie 
15 pD = 6.83;S2.96(t,6H,ethylemcCH,'J„„-6.6Hz),3.30(t . y 

,T A Hz^ 2 85 (s 9H, methyl NCH,). 3.14 (d, 6H. methylemc NCH,P, J« 
'J™ " •^^^ ^-"^ \..^,r _ 540 4 lU). »P{H} (80MHz, D,0) 
= 10.5 H2), 7.17 (d. 3H, phosptomc PH, J™ - 540.4 ta> X 

pD = 6.83: i 12.45. 

Tris(4.pheny.phosph.nato.3-»ethy..3.a.ah»ty.)a^^ 
trihyarochlorlde,nonohydrate(H.ppma.3Ha.H.O). Phenylphosphm«ac.^(2^" 

mmol) and .ris(3.a.b».yl)anUne (0.91 s, 4.83 mmol) were dissolved m 
g. 14.99 mmo ) ^ ^ 

distaied water (20 «L). ^ 3,^ a^eons 

of the stirred sohuion was raised to reflux (- UO M 

V . « <Li . 30 09 mmol) was added dropwise over a period of 30 mm. 
25 formaldehyde (2.44 g, 30.09 mmou w ... u .im,. .he HCl - water 

„fl>«ed for a further 5 hours, after which trnie the HU water 
The reaction was reflated tor a luiu The resultins 

solvent mixmre was concentrated mrier vac»m. almost to dryness. The resuUmg 
rli rl up in ethanoUlCK. mL) , and aceto. (9«, mL) was added .0 give a 
3yTlutionwLwascoo.ed.thenril.ered. A white highly hygroscopic^^ 
30 wasoLined;tiUswasta.enupinw«era».,hesolven.remov.or.^^^^^^^^^ 
^ vacuum for 12 hours gave a glassy, slighUy hygr»cop» solid to yield 2.40 g 
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(64%); Anal. Calcd (found) for CjoH^N.O^, • 3HC1 • H,0: C. 46.31 (46.58); H. 6.48 
(6.48): N, 7.20 (7.31). Potentiometric studies were consistent with this molecular 
weight. Mass spectrum (+LSIMS):m/2 = 651 (IL+l]*.[C3oH46N40,P3]*). IR(cm-». 
KBr disk): 3410. 2460 (b s. h-h. o-h). 1645 (w, h-h). 1438 (s. 1206. 1131. 957 
5 (p.). 740. 685, 599 (p^. UV mn (.M to')): pH = 1.5. 258 (1375). 264 
(1833). 271 (1512). 

Tris(4-hydroxymethylenephosphinato-3-methyI-3-azabutyl)amine 
(H,hpma). A stirred solution of H3pma.2HC1.4H,0 (0.22 g, 0.28 mmol) in 6M HCi 
10 (20 mL) was heated to reflux. Aqueous 37% formaldehyde (0.25 g. 3.08 mmol) was 
slowly added over 1 hour. The reaction was heated at reflux overnight and then the 
solvent removed under vacuum to yield a colorless oil. The oil was taken up m H,0 
(10 mL). loaded onto an anion exchange column (Amberlite IRA 412) and eluted with 
water. On removal of the solvent, a colorless oil was obtained of 
15 H3hpma.4HCl.7H2O. 0.387 g was obtained, but there was a lot of HCI and HjO still 
present. Potentiometry indicated that 0.387 g contained 0.48 mmol of ligand. 
therefore Mw = 792.12. Mw without HCI or water is 512.42, which leaves an extra 
283.41. Potentiometry gives the excess acid as about 4 HCI which means about 7 
waters. An alternative method is to do the H3pma reactions as before and then carry 
20 on with more paraformaldehyde at lOO'C in same solution, i.e. avoid the HCI 
treatment. After passing through anion exchange, there is .3HC1 (from column) and 
one water c.f. H3ppma. H3pma. 'H NMR (200 MHz. D,0) pD = 7.03: 6 3.00 (t. 
6H, ethylenic CH,), 3.41 (t. 6H, ethylenic CH^. 2.94 (s. 9H. methyl NCH3), 3.30 
(d, 6H, methylenic NCH.P. *Jp„ = 8.54 Hz). 3.68 (d. 6H. hydroxymethylene 
25 HOCHjP. ^JpH = 6.35 Hz). '»P{H} (80 MHz. D^O) pD = 7.03: 8 27.35. 

Chelation of metal ions and trivalent metal ions such as Tc and Re and 
the group 13 metals and the lanthanides with a variety of mixed nitrogen/oxygen 
donors in amine phosphinate tripodal ligands have been investigated. However. untU 
30 the water soluble sulphonated analogs have been synthesized to give knowledge about 
the solution behavior. The coordination mode of the ligand can be metal dependent. 
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For instance, in aqueous solution H.tms (see Figure 12) fonns bicapped bis(ligand) 
lanthanide complexes in which bonding is solely through the phenolic oxygens, 
whereas the Ga(IID and InOU) form 1:1 encapsulated complexes in which bonding 
occurs with both oxygen and nitrogen donors, while AIQH) does not form a stable 
5 complex with E^ms in aqueous solution. The capped and bicapped lanthanide 
complexes of H.tms have 16 membered chelate rings, much larger than tiie 5 and 6 
membered rings in tiie encapsulated complexes. It has been suggested that tiiere is 
an effect which predisposes tiie ligand to a binding posmre. for example tiie inter and 
intrastrand hydrogen bonding between protonated nitrogens and phenolic oxygens. 
10 The hydrogen bonding, coupled witii tiie large chelate ring size, can result in a ligand 
which suffers little or no strain energy in accommodating different sized lantiianide 
ions, and tiius tiie changes in stability noted (an uiq)recedenied 5 orders of magnimde 
increase in stability from Nd - Yb) correlated witii tiie increasing effective nuclear 
charge. 

15 ... 

To gain insight into tiie aqueous chemistry of H.tms witii Oie 

lantiianides. tiie aqueous lantiianide coordination chemistry of two otiier smaller 

tripodal aminephenol Ugands. H.tams and H.taps (see Figure 12). has been 

investigated. Should tiiese ligands coordinate in a similar mamier as H,tms- 

20 (bicapped), 14 and 13-membered chelate rings would be formed upon lantiianide 

coordination. The effect of ttie large chelate ring size on metal ion stability and 

selectivity is of interest. No structural chemistry has been reported for eitiier tiie 

Ln - tams or Ln - taps systems. However, as demonstrated witii tiie group 13 metals. 

variations in tiie number of potential donor atoms, tiie number of chelate rings formed 

25 upon coordination, and tiie size of tiie chelate rings formed (5- or 6-membered rings) 

can have a profound effect upon metal ion selectivity and coordination geometry (see 

Figure 13). Instead tins change m bacldwne results in a dramatic change in binding 

modality in tiiat H.tams and H^taps react witii Isam ions in ti« presence of base to 

form encapsulated complexes wherein all 6 donor atoms of tiie ligand (i.e. N,0, 

30 coordmation) coordinate to tiie lantiianide ion. This change in coordination mode 
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relative to H,tms (capped, bicapped) also produces a lower selectivity for heavy 
lanthanide chelation. 

Changing the phenoUc oxygen donor atoms of H,tms to phosphinic 
5 acids. Hrf)pma (see Figure 12). results in bicapped binding for the group 13 metals 
(see Figure 13). The first stepwise equilibrium constant K, (formation of the 
monocapped species) is less than that of the second K, (formation of the bicapped 
species). This behavior was also noted in the lanthanide H,tms»- system. It was 
found that the difference between K, and K, mcreased as the metal ion size 
10 increased. In light of this size effect, this phenomenon was explored further by 
using larger metal ions, i.e. the lanthanides. The results of the reactions of Ln(IID 
with Happma. where bicapped species are formed, are demonstrated. The anomal- 
ous equilibrium constant behavior was also observed and is discussed in relation to 
the similar trend observed for H«tms. whereby the anomaly can be described in 
15 terms of hydrophobic effects. 

Rxamoles 

Materials. Sodium deuteroxide (NaOD. 40%), deuterium chloride 
20 (DCl, 12M) and the lanthanide atomic absorption standards were obtained from 
Aldrich. Hydrated lanthanide niorates and chlorides were obtained from Alfa. 
Deuterium oxide (D,0) and methanol-d. (CD,OD) and DMSO-d, were purchased 
from Cambridge Isotope Laboratories. All were used without further purification. 
Tris(4-phenylphosphinato-3-methyl-3-azabutyl)amine trihydrochloride monohydrate 
25 (H3ppma3HClH,0),' l.l,l.tris(((2-hydroxy-5-sulfobenzyl)amino)methyl)ethane 
dihemihydrate (H,tams 2.5H,0)« and 1.2,3-tris((2-hydroxy-5- 
sulfobenzyl)amino)propane dihemihydrate (H.taps 2.5H,0)« were prepared. 

Instruments. 'H NMR spectra (200 and 300 MHz) were referenced 
30 to DSS or TMS and recorded on Bruker AC-200E and Varian XL 300 spectrome- 
ters. NMR (75.5 MHz. referenced to DSS or TMS). «P NMR (121.0 MHz, 
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referenced to H,0). and -La NMR (42.4 MHz. referenced to 0.1 M I^(C10.) in 1 
M HCIO.) spectra were recorded on the latter instrument. Mass spectra were 
obtained on a Kratos Concept U H32Q (Cs*. LSIMS) instrument with thioglycerol 
or 3.nitrobenzyl alcohol as the matrix. Infrared spectra were obtained as KBr 
5 disks in the range 4000 - 400 cm-' on a Galaxy series 5000 Fim spectrometer: 

Analyses for C, H. and N were performed. 

Synthesis of Laiithanide-H3ppma Complexes. The preparation of 
the imetium complex (as the trihydrate) is representative for the lanthanides Er - 
Lu and the preparation of the terbium complex (as the pentahydrate) is representa- 
tive for the lanthanides Sm - Ho. Yb, Lu (in the case of Sm. Eu and Ho the metal 
chloride was used). All the complexes prepared and their elemental analyses, 
mass spectral, infrared and NMR data are listed in Tables 1 - 4. 
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[Lu(H3Ppma)J[NOj3.3H,0. The pH of an aqueous solution (4 
mL) of H3Ppma.3HCl.H,0 (0.200 g. 0.257 mmol) and I^(N03),.6H.O (0.060 g. 
0 128 mmol) was raised to 2.0 using 3M NaOH. Colorless prisms deposited after 
2 hours; these prisms were filtered and dried under vacuum to yield 0.145 g 
(66.0%). Yield for Yb 78.4%, Tm 50.2%. Er 53.0%. 

rrb(H,ppma)J[NOJ,.5Hp. An aqueous solution (0.7 mL) of 
H,ppma.3HCl.H,0 (0.100 g. 0.128 mmol) was added to Tb(N0,).5H,0 (0.057 g. 
0 128 mmol) in 0.7 mL of H,0. Colorless hexagonal crystals deposited after 24 
hours; these were filtered and dried under vacuum to yield 0.064 g (57.6%). 
Yields for Lu 70.5%, Yb 73.4%, Ho 43.2%. Dy 50.1%, C3d 63.1%. Eu 40.3%. 
Sm 47.9%. 



NMR Mmorements. The yariabte pH « NMR spectra of the 
Utams »d H.t.ps cotnplexes were ™. in D.0 with the pD values being n»asur«. 
30 by a Fisher Aecume. 950 pH meter envloying«.Acann..Ag/Agacona»nat.on 
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microelectrode. The pD values were converted to pH by adding 0.40 to the 
observed reading. The "O NMR experiments with DyCHI) were recorded at 21<C, 
with a spectral whidow of 1000 Hz, a 90- pulse width of 18 ms. and an acquisition 
time of 0.256 s; this gave 512 data points. Two thousand transients were coUected 
5 per spectrum. The "O linewidths for H,0 were about 60 Hz. Concentrations 
employed ranged from 1 to 40 mM. The dysprosium induced shifts (DIS) were 
obtained from the observed shift by making a correction for the bulk magnetic 
susceptibility of tiie solution. Stock solutions were prepared from metal nitirates in 
D,0 (H,0) and the metal-ligand solutions were prepared by pipetting required 
10 aiLounts of stock solution and adjusting the pH witii acid or base. In tiie equilib- 
rium measurements, the ionic stirengtii was controlled by addition of NaCl. 

For tiie Ln - Hjppma (Ln = Yb, Lu) equilibrium, constant studies 
using "»'P{H} NMR. conditions as described in tiie publication, J: Am. Chem. Soc. 
15 1996. 118, 10446-10456, were used. Metal ion stock solutions (50 mM) were 
prepared from tiie hydrates of Lu(NO,), and YbCNO,),. All solutions contained a 
fixed amount of M'* (25 mM) witii flie ligand concenti-ation varied (R = 
[L]^[M]t) as 0.25 < R < 4. Solutions were made up to a volume of 0.8 mL and 
tiie pH was adjusted to 1.5. The solutions were allowed to equUibrate for 48 hours 
20 prior to tiie spectra being collected. The respective peak integrals enabled a 

quantitative measurement (long delay times of 1.6 s were employed) of free ligand 
([L]). The knowledge of [L] allowed fi, tiie ratio of bound ligand to total metal to 
be calculated (ii = ([L].-[L])/[M],). A plot of fi vs. [L] resulted in a curve from 
which ttie variables /3, and 0^ could be calculated using computer curve fitting 
25 software. 



Potentiometric EquiUbrium Measurements. The procedure was 
tiie same as detailed m J. Am. Chem. Soc. 1995, 117, 11230. The measurements 
were made at 25.0 ± 0.1", m = 0.16 M NaCl. The pK^ of tiie ligands were 
30 checked whenever a different syntiietic batch of ligand was used, and fresh ligand 
solutions were always employed (For Hetaps: pK.1 = 1.7, pK.2 = 6.54. pK,3 « 
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7.78, pK.4 = 8.73. pK.5 = 9.77. pK.6 = 11.24 and for H,tains: pK.1 = 2.92. 
pK.2 = 6.56, pK.3 = 7.95. pK.4 = 8.91. pK^ = 9.81. pK.6 = 11.19).« The 
lanthanide solutions were prepared by dilution of the appropriate atomic absorption 
standards. Since the lanlhanides do not hydrolyze below pH 6, the excess acid in 
5 the solutions could be obtained by titrating with standard NaOH and analyzing for 
the strong acid by the method of Gran. 



10 



The ratio of ligand to metal used was 1:2 < L:M < 4:1. Concen- 
trations were in the range 0.5 - 2.5 mM. A minimum of five titrations were 
performed for each metal. The metal - H.taps and metal - Hetams solutions were 
titrated to just beyond six equivalents NaOH /H^(„6tams), because of slow 
hydrolysis beyond tiiis point. Although complexation was rapid (1-3 min per point 
to give a stable pH reading), care was taken to ensure that no trace hydrolysis or 
precipitation was occurring by monitoring up to 30 minutes for pH drift. The 
15 protonation constants for the lanthanide-ligand stability constants were determined 
by using the program BEST. H,tams and H.taps, both reacted with Ln(ni) to 
coordinate as hexadentate Ugands. liberating six equivalents of acid per ligand. 
Typically 100 data points were collected with about 80-90% of the points bemg in 
tiie buffer region of metal-ligand complexation and tiie remaining points in the 
20 strong acid region being used as a check of excess acid concentiration. 



X-ray Crystallographic Analyses of [C«>H«LuN,0 J(NO,),3H,o. 
Selected crystallographic data appear instable 5. The final unit-cell parameters 
were obtained by least-squares on tiie setting angles for 25 reflections with 2 = 
25 55.7-68.7°. The mtensities of tiiree standard reflections, measured every 200 
reflections throughout the data collection, decayed linearly by 2.7%. The data 
were processed and corrected for Lorentz and polarization effects, decay, and 
absorption (empirical, based on azimuthal scans). 
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The structure of IC«ftoLuN.O.J(NO,)3 3H,0 was solved by the 
Patterson method. The structure analysis was initiated in the centrosynimetric 
space group R c on the basis of the E-statistics. this choice being confirmed by 
subsequent calculations. The nitrate anions and water molecules weic modeled as 
5 (1:1) disordered about a point of symmetry. Because of thermal motion and 
near overlap of disordered components, the nitrate groups deviate from ideal 
geometry. Refinement of the structure in the noncentrosymmetric space group Ric 
failed to resolve the disorder. All non-hydrogen atoms were refined with 
anisotropic thermal parameters. Hydrogen atoms were fixed in calculated positions 
10 (N-H = 0.91 A. C-H = 0.98 A. B„ = 1.2 ^. A correction for secondary 
extinction (Zacharaisen type) was applied, the final value of the extinction coeffi- 
cient being 1 .73(3) x 10-'. Neutral atom scattering factors for all atoms and 
anomalous dispersion corrections for the noti-hydrogen atoms were taken from the 
International Tables for X-Ray Crystallography. Selected bond lengths and bond 
15 angles appear in Table 6. Complete tables of crystallographic data, final atomic 
coordinates and equivalem isotropic thermal parameters, anisotropic thermal 
parameters, bond lengths, bond angles, torsion angles, intermolecular contacts, 
and least-squares planes are included as Supporting Information. 



20 



Results 



25 



30 



ILn(H,ppma)J- (Ln = L« - Sm). The synthesis of the bisligand 
complexes as hydrated salts was achiev^ by mixing stoichiometric (L:M = 2:1) 
amounts of aqueous solutions of metal nitrate or chloride and H^pma (with Er - 
Lu the pH was raised to 1.5). Piecq)itation of the resulting complexes occured 
within a few hours to days, depending on the metal ion. The lanthanide complexes 
fall into two categories: the complexes of the smaller, heavier lanthanides (Er - 
Lu) were prepared in the same mamier as their group 13 metal analogs yieldmg 
cubic crystals, which analyzed as trihydrates. The complexes of the lighter 
lanthanides (Sm - Ho. and Yb, Ui for comparison) were prepared in a similar 
mamxer. however, no pH adjustment was made. Hexagonal plates were obtamed; 
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used, two additional hydrochlorides were found). It is expected that this additional 
hydration is due to a different crystal lattice formed at lower pH. however the thin 
plates proved unsuitable for X-ray analysis. The IR spectra of the Er - Iji com- 

5 plexes resembled their group 13 analogs, with one of the three P-0 stretches 
shifted to lower wavenumber as the metal ion increased in size, a trend which 
persisted through the iMthanide series from samarium to lutetium (V«, = 1154 - 
1165 cm '). The P-0 stretch at the highest wavenumber for the trihydrates, when 
Ln = Er - Lu (Vpo = 1194 - 1190 cm ') changed for the pentahydrates of the 

10 earlier lanthanides Ln := Sm - Ho and Yb. Ui (Vpo = 1183 - 1180 cm ') likely due 
to a slight change in structure ( 3HP vs. 5H,0). It is unclear whether this is 
attributable to differences in hydrogen bonding or to a different coordination 
number; however, a large shift m the V„„ stretch (AV,„ 300 cm') along with a 
change of Vk. indicated a change in hydrogen bonding strength. The LSIMS (+) 

15 mass spectra showed molecular ions [ML,-2H]* and [MI.-H]- at the appropriate 
m/z value for the bicapped species, and ions for the monoligand species [ML - 
2H1^ and for the free ligand [L+H]*at m/z = 651. 

X-ray Crystal Structure of [Lu(H,ppma)JlNOJ, 3H,0. Colorless 
20 prisms crystallized in the space group i? c. ORTEP representations of the 

[Lu(Hrf)pma)J- cation is shown in Figures 1 and 2, and selected bond distances 
and angles are listed in Table 6. The structure is of a bicapped M^, simUar to 
that observed for the bisligand tren-ba«d aminephenolate-lanthanide complexes 
and is isostructural and isomorphous with the mdium structure previously reported. 
25 The complex cation has exact S. symmetry. The 0-Lu-O trans angle is 

crystallographically imposed at 180.0% and the cis 0-Ui-O angles are 88.72(6) 
and 91.28(6)% resulting in near perfect octahedral geometry, expected because the 
ionic radius of Lu- (0.861 A) is similar to that of In- (0.800 A) i.e. the ideal size 
to accommodate two Ugands in a bicapped mamier. The Ui-0 distances of 
30 2.190(2) A are in the expected range, although few six-coordinate lutetium 

structures have been reported, mis distance is only slightly longer than the In-0 
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distance (2.117(3) A) in the indium structure, again reflecting the similar size of 
the ions. On coordination to the metal ion, the phosphorus atoms are rendered 
chiral, with one half of the bicapped structure possessing all R chirality and one 
half all S, i.e. the cation is the RRRSSS diastereomer. This opposing RRRSSS 
5 chirality generates the six fold symmetry and is indeed necessary to accommodate 
the six bulky phenyl rings because, once the phosphinates coordinate, the phenyls 
completely engulf the coordination sphere. Highly ordered intramolecular hydro- 
gen bonding is observed from the protonated nitrogen N(2) to the phosphinate 
oxygen 0(2) on an adjacent arm. where H...O = 1.87 A (N...0 = 2.684(3) A) 
10 and N— H...O = 147". 

Formation Constants Figure 3 shows experimental titration curves for 
the lantfianides with H,tams (top) and H.taps (bottom) at a ratio of 2 mM LndU) : 
2 mM ligand. The following equiUbrium conventions apply to these two systems. 

15 i.e. 

Ln3+ + tams*^ , [Ln(tams)]»^ (1) 

Ku,u», = [[Ln(tams)n/[Ln**][tams*^] 

20 Ln»* + + tarns'- ^ [Ln(Htams)]^- (2) 

K^, = [[Ln(Htams)]^]/[Ln'*l[H*Ktams^] 



25 



Ln»* + taps*- 



[Ln(taps)]»^ 



Ku,„^, = [[Ln(taps)r]/[Ln'*][taps^l 



Ln3* + H* + taps*- [Ln(Htaps)]'- (4) 

Ku,^, = [[Ln(Htaps)]>^]/[Ln'*][H-]ltaps*^l 
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ligands are cootoinaung in a ncA*ucuiavw 
atoms- this is verified (and fiwher emplfflsized) in tlK ii plots (Figure 4) where the 
curves rise to fi = 1 and then plateau, even in the exi«rin»nu with excess 
Analysis of the potentiometric data gave the stabflity constants listed in TOle 7. It 
was necessary to inctode monoprotonated complexes in the model to improve the 
fi, of the data, although these only form to a small extent (maxunam - 25 % of 
total Ln(ni)). Both tams^ and taps^ue selecUve for the heavier l««hanides. but 
much less so than is H^ms^ 

Because of the very low pK.'s for Hj^ formation consonts for the 
ytterbhm. and lutedum complexes of were determined by a >'P NMR 

approach highlighted previously. "P NMR spectra were recorded for a ser«s of 
soluttons (R = ILWtMl. L = H^.pma. M = Vb. b:) in the r««e 0.24 < R < 
3 80 (where [Lu] = [Yb] = 25mM). A representative sample for the Yb smdy .s 
shown in Figure 5. the resonance for ftee is clearly distinct from those 
for the metal complexes (ML and MU). Two resonances for both RRRSSS and 
RRSSSR diasttreomers were noted, as was seen in the group 13 study. It is much 
more difHcol. «, assign these resonance, as specific 1:1 and 2:1 species (c.f. the 
case of the group 13 metals where the additional tool of the metal NMR was 
invaluable), however the concentration of ftee Ugand [LI is teadtty obtmned torn 
fl„ fategrals. From this vatae, ii can be calculated for each experiment (see expen- 
^„„, ^ ref. 8). Assnmhrg the formation of the 1:1 and 2:1 e»nplex (e,uaUom 
5 and 6) where M = Yb. LU and L = H^pma. a»l ustag mass balance eolations, 
fi (4e ratio of bound Ugand to total metal) can be expressed as equation 7 in terms 

of the formation constants 0„ A and free ligand [LJ. 



(5) 

M + L — =• ML 

(6) 

ML + L ML, 

(7) 

30 ii = (0,[L] + I (1 +^.tL] + 
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From a plot n vs. [L] values of the formation constants are obtained for 
Lu are log ^, = 1.79 (7), log ft = 4.40 (2) and for Yb log ^. = 2.25 (7), log P2 
= 4.42 (5). A plot of n vs. log [L] for Lu and Yb (also included is the data for 
Al. Ga and In) is shown in Figure 6. The curves rise to n = 2 and then plateau, 
5 indicating formation of a 2:1 species. 

Multinudear NMR OH, »C, «P, '"La). Solution NMR studies on the 
LnOn) - Hjtams and Ln QJl) - H«taps systems were unrevealing. The 'H NMR 
and "C NMR spectra of [Lu(taps)]> in D,0 at pD 9 showed a series of broad 

10 overlapping resonances characteristic of fluxional behavior. The 'H NMR spectra 
of [Lu(tams)l'-. [LaCtams)]'-, and [La(taps)]'- were similar to those of the free 
ligand suggesting fast exchange. A '^La NMR smdy of 30 mM LaOH) : 30 mM 
H^taps as a function of pH showed only one resonance at 0 ppm, the chemical 
shift of La,.^'*. The linewidth of this resonance increased with pH suggesting that 

15 [La(taps)]*- is in exchange with La<^**. 

The 'H NMR spectra of the [Ln(HjPpma) J»* complexes in CD,OD 
where Ln = Er - Lu. all exhibit ten resonances, correspondmg to the ten hydro- 
gens labeled in Figure 7. the spectrum of the thulium complex. The observance of 
20 only 10 resonances clearly indicates the persistence of the S. symmetry in solution 
for all these H,ppma complexes. The spectrum of the diamagnetic lutetium 
complex greatly resembles those obtained for the same structtire with the group 13 
metals, and is most similar to that of the indium complex, consistent with the 
simUar ionic radii of the two metals. The resonances can be readily assigned from 
25 their coupling patterns (Lu), from their 2D -H - 'H COSY spectra, and from 
comparison with the group 13 metal complexes of H,ppma. With the 
paramagnetic lanthanide (Er - Yb) complexes, dramatic chemical shifts are noted, 
with well resolved and narrow resonances. The "P NMR spectra of these four 
late lanthanide complexes also exhibit the S. symmetry m solution, showing a 
30 single narrow resonance for all six equivalent phosphorus atoms. 
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change in U« rcspeaiv. 'W"? NMR spcctt, is no«d. m -P NMR spectra no 
longer iniicate a single species in solution, (four resonances are nsuaUy observ«J) 
siting in a proliferation of .eson«»es in the cor^sponding 'H NMR spectra. 
5 Tie chemical shifts of the "P NMR resonances suggest that only compters are 

present, i.e. no reson^Ke for free H,pp.n, is evident. ^ thus one n«.t ^ 
M .he solvent CD,OP is interacting wiU. tire bicapped complex fbn=ing changes 
in geometry and/or stoichiometry. Even from ti«se complex spectra, the 10 
resonances corresponding to the RRRSSS diastereomer c«, usuaUy be pick^out 
10 .hen ti^lanti^nlde in ..uestion causes sufficient chemical shift sep^ation^ 
HO) If a different solvent is used, i.e. DMSO^., a dramatic simphftcation of the 
.p«;trum is ob^. Ten reson»^ (broader ti»n in CD.OD) of the RRRSS 
.Uastereomer are observed in the « NMR spectrum, along with the spectrum of 
H^ma. this is reciprocated in .he «P NMR spectrum where two resonances are 
15 seen, one of which U pr^ in ^ CD,OD spectnm. and a new one of fte. 
Ha,pma. interestingly, if the Yb and U> complexes are prepared in the same 
^ as Sm - HO. i.e. no pH adjus»>ent. as hexagonal crystaU (analyzmg as ti« 
pentahydrate). their respective NMR specaa are ti,e same as those obmned by 
Lng ti« pH (as ti« trihydrate) i.e. no decomposition or rearrangement ts noted 
20 which suggesutitelanthanide is sufficientiysmaU and/or tightiyboun^ 

solvent interaction with metal ion. 

The shift. A, induced at a nucleus of a ligand btoding to a UKTO cation 
can be expressed as ti« sum of the diamagnetic shift (AJ. ti« contact shift (AJ. 
25 ti. pseudocontact shift (^). «Ki the shift due to the bulk magnetic suscep.,bd.ty 
(4), equation (8). 

(8) 

A = A, + Ac + Ap + A 

(9) 

30 A, « 4irCW2.84)V3T 
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The diamagnetic shift, which is usually relatively small, can be obtained 
from the shift of [Lu(H^pina)J»*. Since the magnetic moments of the^LnaiD ions 
are relatively constant, the bulk magnetic susceptibility shift can be estimated from 
equation (9) which applies to a superconducting solenoid, where C is the concen- 
tration (mM) of Ln(ra), nw is the effective magnetic moment for Ln(III), and T is 
the temperatare (K). Calculated m.^ values were taken from Figgis. Introduction 
to Ligand Fields. The contact and pseudocontact shifts can be expressed by 
equation (10)" where D. and D, are each expressed as the product of two terms. 



10 A' = A - (A, + A) = Ae + Ap = <S,>F + CG 



25 



(10) 



The first term ( <Sz> or C) is characteristic of the lanthanide, but 
independent of the ligand. while the second term (F or G) is characteristic of the 
ligand in question, but independent of the Ln(ni) cation. Values for the lanthanide 

15 dependent contact term, < S.> , and pseudocontact term. C^ have been calcu- 
lated. Equation (10) can be separated into two linear fonns, equations (11) and 
(12). Although, both (11) and (12) are mathematically identical, Reilley et al. 
have advocated the use of equation (11) when F > > G (and equation (12) when 
G > > F) since the dependence on theoretical C (or <S.>) will be mmimized by 

20 a small intercept. 



AVC = F(<Sz>/0>) + G 



A7<S2> = G(C'>/<Sz>) + F 



(11) 



(12) 



Figure 8 shows a plot of DVC^ vs. <S^>IO> for the 'H NMR spectra 
(top) and for the NMR spectra (bottom). For an isostrucmral series a linear 
relationship is expected, whereby the parameters F and G may be obtained from 
slopes and intercepts of plots derived from equation 11 or 12. This is clearly not 
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Ho would be expected as analysis reveals additional water in the solid state, 
however a correlation for Er - Yb would be certainly assumed as all evidence 
points to an "isostructural miniseries", it is evident from these plots that there 
5 must be some change in ligand orientation. 

"O NMR: -The natoral abundance »'0 NMR of water in the presence 
of a lanthanide ion and ligand gives a qualitative picmre of complexation. Peters 
and coworkers have exploited the dysprosium induced shift of water (Dy.I.S.) to 
10 estimate quantitatively the nmnber of bound water molecules associated with 
various lanthanide complexes. The Dy.I.S. of water was measured at varying 
dysprosium concentrations. The plot of Dy.I.S. versus [DyOH)] was linear with a 
slope of -358 ppm/M. It had been previously established that the contact contribu- 
tion in a paramagnetic Ln(IID-induced shift of a Ui(in).bound "0 nucleus is 
15 ahnost independent of the nature of flie probed 0-containing ligand in question and 
of other co-ligands coordinated to the lanthanide. Since the "O shift is predomi- 
nantly contact in namre, the slope of a plot of Dy.I.S versus [Dy(in)] should be 
proportioma to the mmiber of bound water molecules associated with the complex. 
If the hydration mmiber of Dy(IID is taken to be eight, then a slope of -358/8 = 
20 -45 would be indicative of one bound water and each multiple of 45 corresponds 
to one water. Figure 9 shows the Dy.I.S. versus [DyaiDl for Dy^-. [Dy(tams)]'- 
and [DyCtaps)]'- ([Dy(H,tms)J'* is shown for comparison). The slope of -358 
ppm/M for Dy.^'* is m excellent agreement with that obtained by Alpoim et al. 
(-357 ppm/M) and by Reuben and Fiat (-360 ppm/M). The error bars show the 
25 linewidths at half height (60 Hz); however, the precision was ± 5 Hz. All three 
plots were linear with correlation coefficients of greater than 0.999. The slopes 
for [Dy(tams)? and [Dy(taps)? were -128 ppm/M (2.8 H,0) and -123 ppm/M 
(2.7 HP), respectively. Ratios of tams- : DyaH) and taps- : DyOH) as high as 8 
showed a limiting stoichiometry of 1 tams- 1 Dym and 1 taps- : 1 DyOH). A 
30 study of the hydration of the Dy - Hjjpma system was attempted; however, even 
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at large excesses of ligand, multiple species were present. 



Discussion 



10 



20 



We have discovered that Hj)pina forms highly (S^ synunetrical 
bis(ligand) complexes with the lanthanides Sm - Lu. analogous to those formed 
with the group 13 metals. Indeed, the X-ray structore of the lutetium complex is 
isostrucmral and isomorphous with that of the indium structure. THe high symme- 
try is preserved in solution, indicated in the 'H and "P NMR spectra. Such 
evidence indicates an isostrucmral series of compounds from and Sm - Ui. In 
light of this, it was expected that the paramagnetic shifts of the 'H and "P reson- 
ances could be resolved into contact and pseudocontact components, once cor- 
rected for diamagnetic and bulk magnetic susceptibility contributions. However, a 
linear relationship for AVCo vs. <S.>/C^ (or A7<S.> vs. Co/<S.» was not 
forthcoming. Such a failure to correlate is usually a result of changmg 
coordination geometry or mmiber. In the case of H3ppma all evidence (NMR. 
mass spectral. IR and elemental analyses) points towards an isostructural senes. 
especially for Er - Lu. It is evident that subtle changes in ligand orientation about 
the paramagnetic lanthanide as the ionic radius increases causes sufficiently large 
changes in chemical shift, to prevent a linear correlation, i.e. the interlockmg 
phenyl groups must move further apart to some extent to accommodate the larger 
metal ion. even if the change in ionic radius is only small. The opposite of this, 
i e the compression of the phenyl rin^s was the rational for the greater stabUity of 
the indium complex with respect to the gallium and aluminum. Indeed the 
chemical shift of the hydrogens ortho to phosphorus in the phenyl rings (H,) show 
a progressive shift to lower ftequency Al-Ga-In-Ui. For these small changes m 
geometry to cause such a large effect suggests a large pseudocontact contribuuon 
to the chemical shift, as it is this contribution which contains strucmral informa- 
tion It is stated that if geometric information for a substrate is to be obtamed. the 
30 complex must have axial symmetry (at least three fold), it would be expected that 
the S. symmetry here would be moie than sufficient. 



25 
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The bisOigand) complexes obtained for H.ppnia are similar to fliose 
obui«d' wift H.trm>. In this b«er case the oxygen donor group is phenolato as 
opposed to phosphimto. Similar «KMnalous behavior was observed in .he forma- 
tion constants of the mono vs. bidigand complexes. i.e. K, was fomri to be ^ 
5 greater than K,. an nnnsual occnnence. d«mmdi«g explanation. In fte : 
Um> system, it was thought likely that this unusual phenomenon was predomi- 
an entropic effect; me namre of the H^^ : UtOH) system sugg^ts that 
fl^re should be no favorable enthalpy associated with K, («lative to K.) based on 
electrostatic argmnems. and a lowering of coordination number. As the first 
10 equivalent of H..ms^ displaced 3 w«ers. whUe the second equivalent dtsplaced 5 
waters, this second eqoihlmum incteased the tianslational entropy of the system 
more than .he fust, and was thus manifested in the Urgervatae of K.. This 
argument was supported by calorimetric measurements, which showed AS. > AS. 

for each LnCffl) snidied. 

15 

An alternative argumem can be proposed for the anomalous K. > K, 
effect based upon the HydropHMc Consider the solvation of a gaseous 

hydrocarbon in water a, 25 -C. IWs process involves a smaU negative ««halpy of 
solvation, but a larger negattve enuopy of solvation; it is thennodynamicany 
20 di^avored because of en«>py. m aggregation of apolar sotates « then dnven by 
e^y such that .he water molecules avoid entropically urfavorable interactions 
with the apoursotote molecules. and Hj-pma ean be thought of as 

ampiphilic species with charged polar regions and three apolar atyl rmgs^ 
Describing the two equffibria, K, »«i K., pictorially as in Figure 10 for H,ppma 
« (a,e charges differ for H..ms^) leads «. a hydrophobic interp«ta«on of^J^ 
complexaUon reacaons. The ateas shad«l in grey represent the hydrophobK aryl 
portions of the molecules. 

in the first step (K.) one ion with a hydrophobic region combines with a 
30 lanthanide ion to give a molecule wifl. a hydrophobic region, m second s,^ 
(KJ is me combinaUon of a monolig«^ species with a second UgaM. each wtfh a 
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hydrophobic region, combining to give an ion with only one hydrophobic region. 
This minimization of solvent (H,0) accessible hydrophobic regions, or "a tighten- 
ing of the hydrophobic belt", should be reflected in a more positive entropy for 
relative to K.. as was observed for H^txnsK Both steps are also enthalpically 
5 favored by the formation of Ln - O (phenolate) bonds. This hydrophobic interpre- 
tation of the complexation «m also be invoked to explain the similar anomalous 
behavior on the equilibria of the ligand H,ppma when complexed to the group 13 
metals. Topologically the ligand is ahnost identical to that of tms^ having a 
tripodal tren-based structure bearing pendant donors incorporating a hydrophobic 
10 aryl region. H3ppma reacts with the group 13 metals and with the lanthanides to 
form capped and bicapped complexes by coordinating to tiie metal flirough the 
phosphinato oxygen atoms. The second stepwise equilibrium constant is markedly 
greater than the first in the case of die group 13 metals and less so, but stiU 
significantly large, in the case of tiie lanthanides. 

15 

Since the aquo ions of Al(ni), Ga(in). and man) are known to be six 
coordinate and tiie bicapped complexes contain octahedral ions, the argument 
presented previously for tms- i.e. for an imier sphere desolvation and lowering of 
coordination number does not apply. However tiiis anomalous behavior can be 
20 rationalized by the hydrophobic effect as shown in Figure 10. In the case of tiie 
lanthanides, a reduction of solvation may play a part, but again it is likely ti«t this 
hydrophobic explanation is applicable. The difference in K, vs. K. is not as 
startling as for the group 13 metals even though the formation of a six-coordinate 
lantiianide complex would be expected to exhibit an even greater entropic effect on 
25 moving from a monocapped species with die expulsion of 5 bound waters. The 
major difference is this case is the increase in size of die coordinated metal ion. 
H,ppma showed an increased affinity for die larger metals in group 13. where 
log , for In > Ga > Al. witii an increase by an order of magnitude in each case. 
Tl^e preference for indium was attributed to the ionic radU of die metals, indimn 
30 being of ideal size to accommodate die bulky phenyl groups on coordination. The 
determination of die formation constants of die group 13 metals was carried out 
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via a combined "P - "Al/^'Ga NMR spectroscopic method, as the use of more 
conventional methods (potentiometiy) was obviated by the very low pK.'s of the 
phosphinic hydroxyls and lack of chromophores (UV/Vis). In the case of the 
lanthanide complexes, the study was restricted to diamagnetic Lu(in) and 
5 paramagnetic YbOn). Attempts with any earlier lanthanides were thwarted by 
increasing line widths and overlapping of resonances. Even so. a trend is noted, 
which can be readily explained by considering the "tightening of hydrophobic 
belt" Indium, it would appear, is the ideal size to accommodate the six phenyl 
rings in a strain-free mamier. whilst still excluding solvent from the coordination 
10 sphere. The lanthanides show an marked increase in K. with lespect to the group 
13 metals, which can be attributed to their increased ionic radii. The larger the 
metal ion, the further apart the two ligands become, thus allowing more solvent to 
be in contact with the hydrophobic areas of the complex (Figure 10). hence the 
hydrophobic belt is somewhat loosened. This is reflected in the decrease in K. 
15 relative to K. as we move from Yb(IID to Ux(in). indeed it appears that on 
moving to the larger lanthanides (Ho - Sm) the phenyls will be sufficiently 
separated to perhaps allow water coordination, or at least interference of solvent 
causing a break up of the complexes, as was highlighted by the -H and '.p NMR 
spectra of these complexes in CD3OD. THis may also be the cause of the non- 
20 correlation of tiie lanthanide induced shift NMR data. 

When H,tms'- binds to a lanthanidedll) in a tridentate fashion, there 
should be no chelate effect - three sixteen membered chelate rings are formed. 
Given the relatively high stabUity found for these capped 16-membered ring 
25 complexes, tiiere must be an effect which predisposes the ligand to a bindmg 
posture. The flexibility imparted by a loose H-bond networic coupled with the 
large chelate ring size results m a tridentate ligand which should have littie or no 
strain energy created in accommodating different I^GH) ions; thus tiie increase m 
stability is purely electrostatic and increases with tiie inverse ionic radius of tiie 
30 lanthanide considered. In order to further explore the effect of large chelate nng 
size on LndU) selectivity, solution studies with H.tams and H^taps were under- 
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«ten If th«e wo Hg»ds««:ted tote same mourner as H^. then te^hanid. 
complexes co«ainmgl4.men*eted««ll3-,nember«l chelate rings would b. 
formed Instead of coordinating solely through the phenol«o donor atoms, tarns- 
and B-ps- coordinated through tt.e three amtoo nitrogen and three pheno.«o oxygen 
5 donor Moms. A major difference beween H.ttns and Utams or IWaps is the 
™cK»copic onier of deprotonation. It had been shown .ha. the firs. d«e ^ 
depro«,nation even.s of H^ms occur a. phenolic si,es.' whereas H.«ms and 
are f„Uy deprounated a. an »mnomum site, followed by d»ee phenol sites, and 
then the remaining «,o ammonium groups. The firs, depro.o,«tio„ of H..ams and 
10 H^ps occurs a. a pH much lower ttan «». a. which U,an) complexa.,on occurs. 
Hence coordination u> *is amino group should be S>cUe. Coordination «> one 
amino gn,up would necessaruy brtog .he remaining ammomum groups closer u> 

the metal ion to allow for proton displac«nen. and land«nide coordto«ion «. r« 
the Observed N,0. ligand donor se. Variation of a» donor group in changmg from 
15 H.tins^ to H^pma. i.e. fromphenola» to phosphinau, showed no 

i„ coordination as shown for tarns- and ups-. Indeed, none ,s exposed as boti. 
Ugands have nitrogen pK.-s which are higher ti«n the oxygen pIC's. *e much 
tower phenola«, «id phosphina» pIC's dictate binding to U» lanthamdes 
exclusively flirough oxygen. 

20 

The "O NMR smdy of boti. [OKtams)? and tDy(t.psr i»dicMed tiK 
presence of tiiree inner sphere water molecules, totplying a 9.cco.dtoate Dy(in) m 
each of U.e complexes. The change in coordination mode from H.»ns> » «ms 
and taps- has a profound effect on fl.e metal ion selectivity. There is a toge 
« tocrease to stabiUty upon gotog f^ UOU) to Ndan) for all tiuee hga.^^ 

However. «. gotog fiom mm «> VbCni). H,ms^ exhibited a selectivtty of about 
2 ,og units per lanttiarude sn«licd. Here ums- exhibit lesser selectivity, about 
one log unit per lanti»nide smdi«l. whereas ^ has a much lower selectivty 
between Gd(ni) and Vbdll). A be«er way of analyztog ti« dau is » Uke 
30 ^rntti-elpetitionwiti. hydrogen ion for teUgand by calculating pM values 

Where pM = -log [MJ. This gives an totpression of tiK reUtive se,«es«rmg 
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abUity of the ligands under a standard set of conditions. In Figure 11. pM values 
are calculated at pH 7.4 for a ligand to metal ratio of 10 : 1. The total concentra- 
tion of LnCni) is set at 1 mM; however since the stability constants for H,tnis>- 
have an inverse square dependence on [H,tms>-]. the pM values for [Ln]„ = ImM 
5 have also been calculated to highUght this dilution effect. At millimolar concentra- 
tions and above, H3tms^ is the best Ugand for complexmg mm • Yb(IID. and 
its sequestering ability increases with atomic number. Z. The much flatter curve 
for taps^ indicates that it is less able to discriminate between the lanthanides. 

10 The major structural difference between taps<^ and tams<^ is that taps<^ 

coordinates to a lanthanide forming four 6- and two 5-membered chelate rings, 
whereas tams«- forms only 6-membered chelate rings upon coordination. An 
established tenet of coordination chemistry is that 5-membered chelate rings are 
more stable than 6-membered chelate rings and this difference in stabUity increases 

15 with increasmg metal ion size. This effect is manifested here where [Ln(taps)]^ 
complexes are 1 - 2 orders of magnitude more stable than the analogous 
[Ln(tams)]'- complexes. 
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1. Elemental Analyses for [Ln(H3Ppma)2l(X)3.YH20 pC = NO3, 





c 




H 




N 




Formula 




Found 


Calc 


Found 


Calc 


Foimd 


CfioHgoLuNnOziPe-SHaO 




41.88 


5.64 


5.87 


8.98 


8.95 


CgoHgoLuNi i02iP6-5H20 


41 13 


41.26 


5.75 


5.65 


8.79 


8.55 


C«^H9oNll02lP6Yb-3H20 


42 04 


42.34 


5.64 


5.60 


8.99 


8.91 


C60H90N1 i02iP6Yb-5H20 


41 17 


41.19 


5.76 


5.62 


8.80 


8.68 


C60H90NilO2lP6Tm-3H2O 


42 14 


42.24 


5.66 


5.61 


9.01 


8.79 


C6oErH9oNii02iP6-3H20 


42 18 


41.88 


5.66 


5.87 


9.02 


8.95 


C6oCl3H9oHoN80i2P6-5H20-2HCl 


41 52 


42.06 


5.92 


6.15 


6.46 


6.24 


C60DyH90NllO2lP6-5H2O 


41.42 


41.66 


5.79 


6.04 


8.86 


8.50 


C60H90NiiO2iP6Tb-5H2O 


41.51 


41.23 


5.81 


5.85 


8.87 


8.59 


C6oGdH9oNu02iP6-5H20 


41.55 


41.61 


5.81 


5.63 


8.88 


8.53 


C6oCl3EuH9oN80i2P6-5H20-2HCl 


41.84 


41.99 


5.97 


6.10 


6.50 


6.25 


C60Cl3H90N8Oi2P6Sin-5H2O 2Ha 


41.87 


42.13 


5.97 


6.14 


6.51 


6.38 
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Table 2. .LSIMS Mass Da« tor [l^'* (L = H,ppma) Complies 





[ML2-2HJ* 


rML-2Hl+ 


[ML<2-2Hli+ 




1473 


823 


778 


Yb* 


1472 


822 


737 


Tm 


1467 


817 


734 


Er 


1466 


816 


733 


Ho 


1463 


813 


733 


Dy 


1462 


812 


731 


Tb 


1457 


807 


729 


Gd 


1456 


806 


728 


Eu 


1451 


801 


726 


Sm 


1450 


800 


726 



. Identical spectrum obtained for trihydiate and pentahydrate 



r 
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Table 3. IR data (cm-Ofor [LnCHsPpma] 





^OH/NH 


Nil 






343S.2614 


1642 


1386 




3431.2426 


1643 


1385 


Yb 


3455.2621 


1644 


1385 


Yb* 


3429,2441 


1643 


1384 


im 


3429, 2615 


1644 


1386 


Er 


2454, 2614 


1641 


1386 


Hot* 


3442,2413 


1644 




Dy* 


3431.2426 


1644 


1364 


Tb* 


3429.2410 


1643 


1386 


Gd* 


3423.2445 


1644 


1384 


But* 


3443. 2445 


1643 




Smtt 


3418,2460 


1650 





,.YH20 (X = NO3 or at; Y = 3 or 5*) in cm-' 



"Vpo 




1194. 1136, 1065 


745.720,579. 560 


1182.1137, 1062 


740.719.580.553 


1193,1135, 1062 


743,718.579.559 


1181.1136. 1062 


741.720.580.553 


1194.1135. 1063 


745.718.580. 559 


1192, 1134. 1061 


743.718.578. 559 


. 1183,1134,1060 


740,719,580.553 


1181.1134. 1058 


741,718, 580.555 


1180. 1034. 1058 


740,718,580,553 


1180,1035.1057 


740,718.580,553 


1180, 1035. 1055 


740.718.580.553 


1180, 1133. 1054 


741.717,580,559 
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Table 4. 'H and NMR Chemical i»mns» ror li-n^n3Ppraa;2JV^^^3^^"2^ *" ^^i^-" v— 
- Lu). KW spectra were referenced to TMS in CD3OD (insert) and chemical shifts were 
corrected for bulk magnetic susceptibilty 

[Tm(H3Ppma)2]3+ IEr(H3Ppma)2)3+ [Yb(H3Ppma)2l3+ [Lu(H3Ppma)2]3+ 



Ha 


-17.04 


-5.97 


-0.27 


3.24 


Ha- 


-13.06 


-3.93 


0.44 


2.37 


Hb 


-22.92 


-7.91 


-0.63 


4.74 




-26.94 


-8.69 


-0.76 


3.00 


He 


4.24 


-0.02 


1.88 


3.03 


Hd 


-3.80 


-1.93 


2.14 


2.30 


Hd» 


9.39 


5.00 


3.19 


3.00 


Hp 


45.08 


23^ 


13.59 


7.50 


Hg 


19.69 


12.23 


9^2 


7.46 


Hh 


17.07 


11.2 


8.83 


7.34 


P 


14.61 


-6.86 


34.41 


15.29 



a. For labelling see Figure 7. 
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Table 5. Selected Ciystallographic Data for Ui[(H3Ppina)2](N03)3 SHaO. 



Compound 
Formiila 

fw 

Crystal system 



[C60H90LuN8Oi2](NO3)3-3H2O 

C60H96LUN11O24P6 

1716.29 
Trigonal 





Rlc 




19.060(1) 


C, A 


36.395(3) 




11449(1) 


z 


6 




1.493 


r,°c 


21 


Radiation 


Cu 




1.54178 


p., cm** 


43.66 


Transmission factors 


0.82-1.00 


R(F) 


0.024 


Rw (F) 


0.025 



R = LllFoUFcll/LlFol. i?w = (2:w(IFol-lFcl)^/2:wlFol^)l'^ 
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Table6. Selected 



Bond Lengths (A) and Angles (deg)* for lLu(H3Ppma)2l(N03)3-3H20. 



Atom 


Atom 


Distance 


Lu(l) 


0(1) 


2.190(2) 


P(l) 


0(2) 


1.487(2) 


P(l) 


C(5) 


1.786(3) 


NC2) 


C(2) 


1.518(3) 


N(2) 


C(4) 


1.506(3) 



Atom 


Atom 


Distance 


P(l) 


0(1) 


1.492(2) 


P(l) 


C(4) 


1.826(3) 


N(l) 


OX) 


1.471(3) 


N(2) 


C(3) 


1.498(4) 



Atom 


Atom 


Atom 


Angle 


0(1) 


Lu(l) 


0(1)« 


88.72(6) 


0(1) 


Lu(l) 


0(1)^ 


91.28(6) 


0(l) 


P(l) 


C(4) 


103.5(1) 


0(2) 


P(l) 


C(4) 


109.8(1) 


C(4) 


P(l) 


C(5) 


1033(1) 


C(l) 


N(l) 


C(l)« 


108.7(2) 


C(2) 


N(2) 


C(4) 


110.2(2) 


N(l) 


C(l) 


C(2) 


113.4(2) 


P(l) 


C(4) 


N(2) 


112.6(2), 


P(l) 


C(5) 


C(10) 


119.5(2) 


*(a)-y. 


x-y. z (b) 


.x,-y. l.z(c)y 


, .,x+y. 1-z. 



Atom 


Atom 


Atom 


Angle 


0(1) 


Lu(l) 


0(1)*> 


180.0 


0(1) 


P(l) 


0(2) 


119.1(1) 


0(1) 


P(l) 


C(5) 


108.41(10) 


0(2) 


P(l) 


as) 


111.3(1) 


Lu(l) 


0(1) 


P(l) 


145.2(1) 


C(2) 


N(2) 


C(3) 


111.5(2) 


C(3) 


N(2) 


C(4) 


110.7(2) 


N(2) 


C(2) 


C(l) 


113.1(2) 


P(l) 


C(5) 


C(6) 


121.8(2) 
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Table 7. Log Fonnation Constants for Ln(III) with tams^ and taps 
at 25 **C. n = 0.16 M NaCl. 



LndlD TAMS^ TAPS^ 





ML/ML 


HMUMLH 


ML/ML 


HMUML-H 


La 


9.17 (1) 




n.33 (3) 


7.14 (2) 


Nd 


11.19(6) 




13.59 (3) 


6.54 (3) 


Gd 


11.86(9) 


6.55 (9) 


14.50 (1) 


6.38 (4) 


Ho 


12.71(10) 


6.69 (4) 


14.71 (4) 


6.44 (9) 


Yb 


13.78(1) 


6.33(3) 


. 15.15(3) 


6.39 (4) 



r 
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10 



M n trinodal aminomethylene 
^ eo»p.ex.Uo„ ^^^^^'^^^^^^^ («^) • 

Ugand. ^^^'^'^'^^^ ^ >^ bis(Uga»l) 
.J v,o^,A hpen investigated. Hippnia 
^ ^ Unfl^es bav beea » J^^^^^ „^ of -he Oog . = 

coraplexes when Ln = Sm - 4,42) complexes were 

,.„,-.og . . 4.40) «»» *e Vb 00.^ = ■ . ^ ^ ^ ^^^^ 

lutetium complex lUi(H,Ppma)J^r>.W3 » 

trigonal space group 
„,.ea b, X.., — ; .he -P- J^^ . ^ „ was soWe. hy 
^ „ = 19.060(1) A. c = « » « = 

Peterson mett»ds«.d was «fa«l by fi-Um ^^<,fa„bis- 

0.024 (K. = 0.040) for 2061 ^^^^Z^^^^^ 

-P.e. Show.. , , 

scopies (CD,OD. DMSO-d^- 

^eUsan^H^l^sbeenshowh^^-S^yn^^^^^ 

o,fl«h«eaum complex, and msol»a».m s.^ These complexes are 
^c„.« «^ excl^ively vU .he ph^^» ^ ^ ^h* » «»se 
isostrucoua, wiO. .hose obuu»d w.* to roup 13 m 
25 obUtoedwheB*eoxyg«.*..»risphe»ola«>. 
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1. An amine 



phosphinate tripodal ligand of the formula: 



5 r 

xteCHrN-CHrPOjH 

.herein X is N. CH, QH,, C3H. or oth. allcyl, R, is H, CH3, QH, or other 

wnerem a „ . „ o i. rw TH OH other alkyl, subsntuted 

10 alkyl or benzyl; and whea X is N, .s CH„ CH,OH, otne y , 

alkyl or aryl, 3«1 when X is CH, CH,. C,H„ or ofter alkyl. R. « Cft, CH,. 

CH,OH. or o*er alkyl. ^ alky, or aryl. and physiologically con^auble 

salts and derivatives thereof. 
15 2. A process of preparing an anto phosphinate tripodal Ug«Ki of fl« 

formula: 

R, 

x(cH,CHj-N-CHrPO,H 

.herein X is N. CH. QH,. C,H. or other alkyl, R, is H, CH,. C.H. or c*er 
Ikyl or ben^l; and When X is N, R. is CH,. CH,OH, other al^l, su« 

V • nu rii r H or other alkyl, R2 is l^^Hs, ^nj, 
alkvl or aryl, and when X is CH, QHj, C3H5. or omcr jr 
SoH. Mother alkyl. substituted aUcy, or aryl. and physiologicaUy cotnpattble 
25 salts and derivatives thereof, which comprises 

(a) reacting an appropriate tripodal amine of the formula: 

Ri 

n(cH2CH2-N-H J J 

30 or 
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20 



25 



R3-c|(CHj)„-N-Hj 



wherein n is 1 or 2. R, is H, CH,, QH,. or other alkyl or benzyl; and R3 is H, 
5 CH3, C2H5, or other alkyl; with H2P(R2)02 and CHjO or (CHaO)™, wherein R2 is 
H, CfiHs, CH3, other alkyl, substituted alkyl, or aryl, and m is 2 or greater; or 
(b) converting the Rj group of one amine phosphinate tripodal ligand to another Rj 
group by using formaldehyde or paraformaldehyde. 

10 3. A process as claimed in claim 2 of preparing an amine phosphinate 

tripodal ligand of the formula: 

Ri ^ 
N^HjCHi-N-CHi-POjHj 

^ R2 3 

r ^' 1 

R3-CkCH2)„-N-CHrP02H 

3 

wherein n is 1 or 2, R, is H. CH3, C^H, or other alkyl or benzyl; and R3 is H. 
CH3. QH5 or other alkyl; and R, is CHjOH. and physiologically compatible salts 
and derivatives thereof, which comprises converting an amine phosphinate tiripodal 
ligand wherein R2 is H to an amine phosphinate tripodal ligand wherein Rj is 
CH2OH by reacting with formaldehyde or paraformaldehyde. 

4. A process of chelating a metal ion which comprises complexing the 

metal ion with an amine phosphinate tripodal ligand of the formula: 



15 or 



30 n(CH2CH2-N-CH2-P02H 
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or 



10 



R3-c[(CH2)„-N-CH2-P02Hj 



wherein n is 1 or 2, R, is H, CHj. CjHj or other alkyl or benzyl; and R3 is H. 
CH3. C2H5 or other alkyl; and Rj is CgHj, CH,, CHjOH. other aikyl, substituted 
alkyl, or aryl, except when Rj is CeHj, the metal ion excludes Al, Ga, In. Nd, 
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu. 

5. A process as claimed in claim 4 wherein the metal ion is selected from 
the group consisting of Tc, Re. the group 13 metals and rare earths. 

6. A process of chelating a trivalent metal ion of the group 13 metals and 
15 the rare earths as claimed in claim 4 which comprises complexing any one of the 

group 13 metals, Al, Ga and In, and any one of the rare earths, Sc, Y, La, Ce, 
Pr. Nd, Pm. Sm, Eu Gd, Tb. Dy. Ho, Er, Tm, Yb and Lu, with the amme 
phosphinate tripodal ligand. 

20 7. A process as claimed in claim 4 wherein any one of the group 13 

metals, Al, Ga and In is complexed with the amine phosphinate tripodal ligand. 

8. A process as claimed in claim 4 wherein any one of the lanthanide 
metals, La, Ce. Pr, Nd. Pm. Sm. Eu, Gd. Tb, Dy, Ho, B:, Tm, Yb and Lu, is 

25 complexed with the amine phosphinate tripodal ligand. 

9. A process as claimed in claim 4 wherein the amine phosphinate tripodal 
ligand is of the formula: 
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N^CHjCHj-N-CHj-POjH 



5 wherein n is 1 or 2, Rj is H, CH3, QHs or other alkyl or benzyl; and Rj is C^Hs, 
CHj, CH2OH, other alkyl, substituted alkyl, or aryl, and the metal ion is Tc, Re, 
Sc. Y, Ce. Pr or Pm. 

10. A chelate comprising a metal ion and an amine phosphinate tripodal 

10 ligand of the formula: 



R, 

xfcHjCHj-N-CHz-POjH 



15 



R2 



wherein X is N, CH, CjH,, CjHs, or other alkyl, R, is H, CH3, C2H5 or other 
alkyl or benzyl; and when X is N, R2 is CH3, CHjOH, other alkyl, substimted 
alkyl. or aryl. and when X is CH, C2H3, C3H5, or other alkyl, Rj is CgHs, eH3, 
CHjOH, or other alkyl, substimted alkyl or aryl, and physiologically compatible 
20 salts and derivatives thereof. 

11. A chelate as claimed in claim 10 wherein the metal ion is selected from 

the group consisting of Tc, Re, the group 13 metals and the rare earths. 
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